ABSTRACT In this study, 2 alternative growth functions, the Lomolino and the extreme value function (EVF), are introduced and their ability to predict body, carcass, and breast weight in ducks evaluated. A comparative study was carried out of these equations with standard growth functions: Gompertz, exponential, Richards, and generalized Michaelis-Menten. Goodness of fit of the functions was evaluated using R 2 , mean square error, Akaike information criterion, and Bayesian information criterion, whereas bias factor, accuracy factor, Durbin-Watson statistic, and number of runs of sign were the criteria used for analysis of residuals. Results showed that predictive performance of all functions was acceptable, though the Richards and exponential equations failed to converge in a few cases for both male and female ducks. Based on goodness-offit statistics, the Richards, Gompertz, and EVF were the best equations whereas the worst fits to the data were obtained with the exponential. Analysis of residuals indicated that, for the different traits investigated, the least biased and the most accurate equations were the Gompertz, EVF, Richards, and generalized Michaelis-Menten, whereas the exponential was the most biased and least accurate. Based on the Durbin-Watson statistic, all models generally behaved well and only the exponential showed evidence of autocorrelation for all 3 traits investigated. Results showed that with all functions, estimated final weights of males were higher than females for the body, carcass, and breast weight profiles. The alternative functions introduced here have desirable advantages including flexibility and a low number of parameters. However, because this is probably the first study to apply these functions to predict growth patterns in poultry or other animals, further analysis of these new models is suggested.
INTRODUCTION
Although most poultry meat and eggs come from chickens, significant amounts of meat are produced from ducks in certain parts of the world. Meat and eggs of waterfowl are foods of high nutritional quality and are marketed at relatively low prices. Duck and goose production accounts for about 7.5% of total world poultry meat production (Stipkovits and Szathmary, 2012) .
Age has a significant effect on body growth rate and carcass tissue composition. Growth functions describe BW changes over time, allowing information from recorded measurements to be combined into a few summary parameters with meaningful interpretation. Different growth functions have been used to describe growth curves in ducks (Knizetova et al., 1991; Maruyama et al., 1999) . Historically, the Gompertz equation has been the function of choice for describing growth in broilers. To describe duck and goose growth, the Richards equation offers a flexible model (Mignon-Grasteau and Beaumont, 2000) . The generalized Michaelis-Menten (GMM) equation was recently proposed by Lopez et al. (2000) to describe animal growth. The extreme value function (EVF; Williams, 1995) and Lomolino equation (Lomolino, 2000) were originally developed to study the species-area relationship, one of the key tools to evaluate species diversity in conservation biology
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MATERIALS AND METHODS

Birds
Experimental subjects consisted of 200 Pekin ducks (sex ratio 1:1) raised to 10 wk of age and fed standard diets ad libitum: 1 to 14 d, starter (20.0% CP, 2,700 kcal of ME/kg of feed); 15 to 28 d, grower (18.3% CP, 2,749 kcal of ME/kg of feed); and from d 29 until the end of the experiment, grower (17.0% CP, 2,798 kcal of ME/kg of feed). Throughout the experiment, all birds were weighed individually at 7-d intervals. Starting from the first week of rearing, 10 males and 10 females were selected randomly every 7 d for carcass analysis. Ducks were fasted for approximately 12 h and slaughtered by cervical dislocation. Details are reported by Murawska (2012) .
Data
The data used in this study comprised 20 profiles (10 for each sex). Each data profile consisted of body, carcass, and breast weights of male and female ducks over 10 wk. The range of the data used to investigate the growth functions is summarized in Table 1 .
Growth Functions
In this study 6 different growth functions were fitted to the duck data:
exponential (Thornley and France, 2007) :
Gompertz (Ahmadi and Mottaghitalab, 2007) :
Richards (Thornley and France, 2007) : Lopez et al., 2000) :
Lomolino (Lomolino, 2000) :
EVF (Williams, 1995) :
In these equations, W (g) represents weight (body, carcass, or breast) at age t (wk); W 0 and W f are the zero-and infinite-time values of W, respectively; β is the intrinsic growth rate; b is a direct measure of the slope of the curve through the inflection point; and α and k are constants.
Curve Fitting and Model Evaluation
Models were fitted to the growth curves by nonlinear regression using the NLIN procedure of the SAS package (SAS Institute Inc., 2008) . Statistical criteria used to evaluate goodness of fit for all models were mean square error, R 2 , Bayesian information criterion (BIC), whereas the Durbin-Watson (DW) statistic, number of runs of similar sign, bias factor, and accuracy factor (Ross, 1996) were used for analysis of residuals. Differences between actual and predicted values were considered as residuals.
RESULTS AND DISCUSSION
Several growth functions have been used for analyzing the growth profiles of different animals. These models can be regarded as an integration of knowledge of the effects of genetic potential, nutrient intake, and environmental conditions on animal growth (Schinckel and de Lange, 1996) . The Gompertz, Richards, and exponential equations are considered classical growth functions and have been used extensively to describe growth profiles of different animals (Darmani Kuhi et al., 2003) . The GMM equation was introduced by Lopez et al. (2000) after reparameterization of the MichaelisMenten. The Lomolino equation and EVF were developed to investigate the relationship between area and species, often referred to as the closest thing in ecology to a rule (Scheiner, 2004) . However, these latter 2 models have not been used to analyze growth patterns in animal species. To our knowledge this is the first study to apply the EVF and the Lomolino to growth patterns describing animal data. To investigate convergence, different initial values of the parameters were used. As the initial values moved closer to the final solution, convergence was met in a fewer number of iterations. In analyzing the curves, it was generally found that all functions were able to fit all growth patterns, though the Richards was unable to fit one curve for each of male carcass, male breast, and female breast weight. The exponential failed to converge in 3 cases for male breast weight. In agreement with these results, previous studies have shown that the Richards can be difficult to fit (e.g., Mignon-Grasteau and Beaumont, 2000; Porter et al., 2010) . Limitations of different functions in fitting duck growth data have been reported previously. Maruyama et al. (1999) found that the Gompertz failed to converge when fitting BW data from 4 duck lines. The newly introduced models, however, fitted the investigated data without difficulty. This is beneficial. With models that fail convergence, the corresponding data lines will be omitted from further analysis, and therefore valuable data will be lost.
Average estimated parameters for body, carcass, and breast weight curves of the duck lines are given in Table  2 . An advantage of the newly introduced models is the small number of parameters (n = 3), which is within the range for the classical models compared here. The fewer the parameters, the easier the function is to fit and interpret (Faridi et al., 2011) . A function with meaningful parameters has much to recommend it compared with an equation that merely provides a close fit to the study data. The asymptotic weight W f is the common biologically interpretable parameter across models. Results showed the models gave higher estimates of W f in males compared with females for all traits (body, carcass, and breast weight). As Table 2 shows, the highest and the lowest values of W f for the 3 traits for either sex were achieved with the exponential and EVF, respectively. Based on the results obtained, the estimated value of the asymptote for BW was higher than that for carcass weight, and carcass was higher than that for breast. This suggests the functions (including the newly introduced ones) could effectively track growth behavior. Because of space limitations, not all 60 profiles (20 individuals and 3 traits: body, carcass, and breast weight) fitted here could be shown. Therefore, a random selection of male and female body and carcass weight profiles are shown in Figures 1, 2 , 3, and 4 by way of example.
Goodness-of-fit results for the growth functions fitted to the body, carcass, and breast data for both sexes are shown in Tables 3, 4 , and 5, respectively. Based on the statistical indices, all models were able to predict the growth patterns satisfactorily. Considering the R 2 index, the highest and lowest values for all 3 investigated traits for either sex were obtained with the Richards and exponential equations, respectively. In agreement with our results, Knizetova et al. (1991) claimed that growth of ducks will be best represented by the Richards, because their high maturing rate is reflected in a more sigmoidal curve than provided for by the Gompertz. Performance of the newly introduced functions (EVF and Lomolino) was close to that of the Richards, Gompertz, and GMM. The lowest mean square error values for all investigated traits were obtained with the Richards, followed by EVF on breast meat (both sexes) and female carcass data. For male carcass data, the GMM ranked second. It is worth noting that EVF like the Gompertz has a fixed inflection point, which for the EVF occurs at 63.2% of its asymptote (Tjørve, 2009 ). However, despite possessing fixed inflection points, both the EVF and Gompertz performed well in predicting the growth behavior of body, carcass, and breast in both the male and female duck lines.
Overall BIC values calculated for the fitted equations for the 3 traits are shown in Tables 3, 4 , and 5. Lower values of this index indicate the preferred model (i.e., the one with the fewest parameters that still provides an adequate fit to the data). Bayesian information criterion, therefore, is a useful index for comparing models with different numbers of parameters (Köhn and Sharifi, 2007) . Analyzing the results for BW showed that the Gompertz and Richards provided the lowest BIC values, followed by the Lomolino, whereas the highest values were obtained with the exponential (Table 3) . A similar trend was seen with carcass weight for which the lowest BIC values were obtained with the Gompertz and Richards and the highest with the exponential (Table 4 ). The lowest BIC values for breast weight were obtained with the Richards and EVF followed by the Lomolino, Gompertz, and GMM. The exponential gave the highest BIC for this particular trait (Table 5) .
Analysis of residuals was conducted using the statistics: bias factor, accuracy factor, DW, and number of runs of similar sign. Results for body, carcass, and breast are summarized in Tables 6, 7 , and 8, respectively. Bias factor is a measure of the relative average deviation of predicted from observed values. An accuracy factor of 1, like bias factor, represents perfect agreement between observed and predicted values. The larger the deviation from 1 the value, the less accurate is the average prediction (Ross, 1996) . The average bias and accuracy factors across the curves have to be interpreted with caution because large underestimates may balance with large overestimates giving an average factor approaching unity. Therefore, the median and the range of values should be examined (Tables 6, 7 , and 8). Maximum and minimum bias factors across the curves give an indication of the ability of models to fit curves with outliers (Lopez et al., 2004) .
The residuals were analyzed further using the DW statistic to test whether a model has been successful in describing the underlying trend. Statistically nonsignificant DW values are around 2, obtained when serial correlation is small and the residuals are distributed randomly around the zero line. However, when the DW is significant, serial correlation is significant because of the presence of cycles in the plot of residuals (Lopez et al., 2000) . As Tables 6, 7 , and 8 show, all models generally behaved well and only the exponential showed evidence of autocorrelation in a few instances over all 3 traits investigated here. Table 5 . Goodness of fit of the functions used to predict breast weight in male and female ducks The runs test is a simple and robust method for determining whether data differ systematically from a theoretical curve. A run is a series of consecutive points with a residual of the same sign (positive or negative). A high number of runs of sign is indicative of a more random distribution of residuals (Motulsky and Ransnas, 1987) . A small number of runs of similar sign is obtained when the residuals are not randomly distributed, so residuals of the same sign tend to cluster together on some parts of the curve. Results showed that for body, carcass, and breast weight, the exponential was the model with highest percentage of minimum number of runs of sign (n = 4). The Lomolino, GMM, and Richards showed the maximum number of runs of sign (n = 9), though none of models gave 9 runs of sign for carcass weight (Tables 6, 7, and 8) .
In conclusion, the newly introduced growth functions showed reasonable performance compared with other more familiar ones in predicting body, carcass, and breast weight of ducks. These functions have desirable advantages including flexibility and a low number of parameters. They were readily fitted to the investigated data, whereas Richards and exponential equations failed to reach convergence in some cases. This is a noteworthy advantage of the newly introduced models. However, this study is probably the first to use these equations to predict animal growth patterns, and therefore further studies involving these functions are desirable.
